Introduction
Acclimatization to changes in environmental temperature includes changes in the composition of somatic fatty acids, both in fat depots and in cell membranes. Cold-adapted tissues typically contain a higher proportion of unsaturated fatty acids than those functioning at higher temperatures (e.g., Irving et al. 1957; Williams 1998) . The desaturation of tissue lipids is * Corresponding author; e-mail: shieber1@swarthmore.edu.
Physiological and Biochemical Zoology 76(6): 850-857. 2003 . ᭧ 2003 by The University of Chicago. All rights reserved. 1522-2152/2003/7606-2002$15.00 believed to assist in counteracting the crystallizing effects of decreasing temperature and thus plays an important role in the homeoviscous adaptation of cell membranes and in maintaining the fluidity of depot fats to allow their mobilization as a fuel source (Mead et al. 1986; Hazel 1995 Hazel , 1997 .
Previous studies have demonstrated that a wide variety of mammals entering torpor daily or seasonally (daily heterotherms and hibernators, respectively) do so more frequently, for longer periods of time and at lower body temperatures, when they have been fed a diet rich in unsaturated fatty acids than when they have been fed a diet rich in saturated fatty acids (Geiser and Kenagy 1987; Geiser 1990 Geiser , 1993 Frank 1992; Florant et al. 1993 ; Thorp et al. 1994 ). When they are given a choice between simultaneously offered diets rich in saturated and unsaturated fatty acids, respectively, golden-mantled ground squirrels (Spermophilus lateralis) preparing for hibernation have a preference for diets rich in unsaturated fatty acids (Frank 1994 ; but see also Frank et al. 1998) . Similarly, Djungarian hamsters (Phodopus sungorus), which are daily heterotherms, exhibit a temperature-dependent fatty acid preference when they are exposed to short days, as would be experienced in the winter; they choose to consume significantly higher proportions of the diet rich in unsaturated fatty acids when they are exposed to a cold environment than when they are exposed to a warm environment (Hiebert et al. 2000) . Geiser and Heldmaier (1995) have shown that in Phodopus, as in other mammals (Mead et al. 1986; Gunstone 1996) , changes in the saturation level of dietary fatty acids are subsequently reflected in the fatty acid composition of somatic tissues, supporting the hypothesis that dietary fat choice affects the performance of fat-containing tissues.
In both diet choice studies reported thus far, animals were tested under seasonal conditions associated with torpor or preparation for seasonal torpor. In late summer, when the study on ground squirrels was conducted, these animals are stimulated to fatten for hibernation by an endogenous circannual clock (Pengelley and Asmundson 1974; Zucker 2001) . Djungarian hamsters, however, remain perpetually in summer condition unless exposed to short days (Goldman and Elliot 1988) , which provide the proximate cue that stimulates a suite of changes that prepare the animals for winter: lightening of the fur, increase in fur thickness, regression of the gonads, decrease in body mass, and onset of spontaneous daily torpor (Heldmaier and Steinlechner 1981; Bartness et al. 1989) . Although their study did not specifically consider dietary fatty acid composition, Fine and Bartness (1996) have demonstrated that the Gunstone et al. (1986, p. 120) .
day length to which P. sungorus are exposed can stimulate changes in diet preference. Together, these findings raise a new question: Is exposure to short days necessary for the expression of temperature-dependent dietary fat choice, or are changes in ambient temperature sufficient to elicit changes in dietary choice behavior, regardless of day length? To answer this question, we investigated dietary fat choice in Djungarian hamsters using a protocol similar to that of Hiebert et al. (2000) , except that in this study animals had been exposed continuously to a long-day photoperiod and were therefore in summer physiological condition. If long-day hamsters were found to exhibit temperature-dependent dietary fat preference, we wished further to compare the time course of changes in dietary fat preference in long and short days to determine whether photoperiod influences the responsiveness of hamsters to ambient temperature changes in more subtle ways. Our hypothesis was that short-day hamsters might respond to changes in ambient temperatures more rapidly than long-day hamsters, which would be far less likely to experience large changes in ambient or core body temperature and might therefore have a reduced need to adjust the saturation level of somatic fats.
Material and Methods

Animals
Male and female hamsters ( ) approximately 20 mo old N p 25 were kept from birth at ЊC in long days (16L : 8D for 21Њ ‫ע‬ 1 the first 10 mo and 14L : 10D thereafter). Throughout the experiment, animals continued to be maintained on 14L : 10D in individual plastic cages (18 cm # 28 cm # 13 cm) lined with pine shavings and were provided with water ad lib. All hamsters were provided with extra cotton bedding for insulation.
Diets
The two diets, hereafter referred to as the saturated and unsaturated diets, were made by marinating pellets of Purina 5001 chow (4.5% crude fat) in sufficient beef fat or sunflower oil, respectively, to result in a 10% addition of mass (for details, see Hiebert et al. 2000 ; for composition, see Table 1 ). Food was stored at 4ЊC until use. The food hopper in each cage was separated into two sections by a wire-mesh divider, one for each diet. Each animal always received the unsaturated diet on the same side of the divider, but half of the animals were randomly assigned to receive the unsaturated diet on the left side of the hopper, while the remaining animals received the unsaturated diet on the right side. Food remaining in the hopper was weighed daily to determine the quantity eaten. Each hamster always had access to sufficient quantities of each diet, so its daily nutritional and energetic needs could be met by consuming only one of the diets.
Experiment Time Line
The experiment was divided into three phases (Fig. 1 ). During phase I (which lasted 10 d), all hamsters were held in a walkin environmental chamber at 8ЊC. Hamsters were then divided into control ( ) and experimental ( ) groups of N p 12 N p 13 similar body mass and percent unsaturated diet consumption, averaged over all days of phase I. During phase II (which lasted 24 d), control hamsters remained in the environmental chamber at 8ЊC, while the experimental hamsters were housed in a light-tight cabinet at ЊC. During phase III (which lasted 27Њ ‫ע‬ 1 15 d), experimental hamsters were again housed in the 8ЊC environmental chamber with the control hamsters. Transitions between temperature treatments ( Fig. 2a) were made over several days because previous experience suggested that large, abrupt temperature changes may pose a health risk to the animals. Because only one cold chamber was available, both treatment groups underwent some changes in ambient temperature during each transition. All animals were weighed at the beginning of each phase of the experiment.
Data Analysis and Statistics
The effect of ambient temperature on diet preference was determined by comparing mean percent unsaturated diet consumption between the two treatment groups during phases II and III, with a Bonferroni correction for the use of multiple t-tests (a was set at ). Phase I was not included 0.05/2 p 0.025 in this analysis because treatment groups had been constructed in such a way as to eliminate any differences in percent unsaturated diet consumption between treatment groups during phase I. Five-day moving averages of mean percent unsaturated diet consumption during phases II and III of long-day (this study) and short-day hamsters (data reanalyzed from Hiebert et al. 2000) were used to compare the patterns of change in diet preference in summer-and winter-adapted hamsters, respectively. During phase II, the only phase in which P values were lower than 0.05, a was set at to com-0.05/8 p 0.00375 pensate for multiple comparisons.
We compared the total amount of each diet consumed by controls with that consumed by experimentals in each of the three phases of the experiment, with two sets of three MannWhitney U-tests-one set for each diet. The nonparametric Figure 1 . Effect of ambient temperature on food consumption and dietary fat choice. a, Experimental (dotted lines) and control (solid lines) hamsters were held at 8ЊC during the experiment except for the experimental group during phase II. Ambient temperature was changed in increments of 3Њ-5ЊC per day at the beginning of the experiment and between phases to allow animals to adjust to changes gradually. Except between days 17 and 43, dotted and solid lines are separated from each other only for visual clarity; the temperatures experienced by the two treatment groups during the remainder of the experiment were identical. b, Total food consumption, shown as the mean from the last 5 d of each phase, was indistinguishable between the experimental (open circles) and control (filled circles) treatment groups during phases I and III but significantly lower in the experimental group during phase II ( ). c, Percent unsaturated diet consumption P p 0.001 for experimental and control hamsters. Each point represents the cumulative mean of all animals' mean unsaturated diet consumption, averaged over all days from the beginning of that phase to the day on which the point appears. For visual clarity, only data from every other day are included. During phases I and III, percent unsaturated diet consumption was indistinguishable between control and experimental treatment groups, but during phase II, a significant difference developed over time and was maintained until experimental animals were returned to 8ЊC at the beginning of phase III. Horizontal dashed line represents equal preference for both diets. d, Mean percent unsaturated diet eaten over the last 5 d of each phase, representing the ultimate effect of each treatment phase, shows indistinguishable differences between experimentals and controls when animals were held at 8ЊC, but experimental hamsters significantly reduced the percentage of unsaturated diet consumption in comparison with controls when they were moved to 27ЊC (two asterisks, ). Horizontal dashed line rep-P p 0.002 resents equal preference for both diets. All data are shown as . mean ‫ע‬ SEM Mann-Whitney U-test was used because several of the samples were either nonnormally distributed or exhibited significantly heterogeneous variances. Phase I was included in this analysis because treatment groups had been balanced for percent unsaturated diet consumed but not for absolute amount of each diet consumed. A Bonferroni correction was applied to correct for the use of multiple Mann-Whitney U-tests (a was set at ). Data from Hiebert et al. (2000) were reana-0.05/3 p 0.017 lyzed by the same method.
Absolute preference for the unsaturated versus saturated diets was determined using a one-sample t-test to compare percent of unsaturated diet consumed with 50%, the value that would result if the two diets were equally preferred.
For visual clarity of overall patterns of food consumption over the course of each phase, data within each phase are plotted as cumulative means. These plots are conservative indices of change over time because points at the end of a phase are moderated by averaging with all other points in that phase.
Results
Body mass decreased significantly from the beginning of phase I ( g) to the beginning of phase II ( g; 36.7 ‫ע‬ 1.3 33.4 ‫ע‬ 0.8 paired t-test, ), during the time when all hamsters P ! 0.0001 were initially adjusting to the cold environment. Mass loss during phase I was directly correlated with body mass at the beginning of phase I ( , ); that is, fat hamsters 2 R p 0.64 P ! 0.0001 lost more mass during phase I than lean hamsters (data not shown). Figure 2 . Change in absolute amount of saturated and unsaturated diet consumed by experimental and control hamsters during the three phases of the experiment in (a) long days (14L : 10D) and (b) short days (8L : 16D). Cumulative means: each point represents the cumulative mean of all animals' mean saturated or unsaturated diet consumption in each treatment group, averaged over all days from the beginning of that phase to the day on which the point appears. For visual clarity, only data from every other day are included. Daily consumption: average amount of each diet consumed per day during the last 5 d of each phase, representing the ultimate effect of each temperature treatment. Consumption of the saturated diet remained relatively stable throughout the experiment in both treatment groups, but consumption of unsaturated diet was significantly lower in experimental than in control hamsters during phase II (two asterisks, in long days; three P p 0.002 asterisks, in short days). All data are shown as . P ! 0.0001 mean ‫ע‬ SEM Total food consumption was higher when hamsters were in the cold environment than when they were in the warm environment, which was expected because of the increased metabolic cost of thermoregulation in the cold (Fig. 1) a Data for short days were reanalyzed from Hiebert et al. (2000) . b Data for long days are from this study. c Difference between mean percent unsaturated diet consumption of experimental and control hamsters over the 5-d period indicated in column 1.
d During phase II, experimental hamsters were exposed to 26Њ-29ЊC (short days, ; long days, N p 15 ), while control hamsters were held at 8ЊC (short days, ; long days, ). Data are N p 13 N p 14 N p 12 shown only for those days of phase II for which there were data for both long and short days.
e During phase III, both experimental (short days, ; long days, ) and control hamsters N p 15 N p 11 (short days, ; long days, ) were held at 8ЊC. Data are shown only for those days of N p 14 N p 11 phase II for which there were data for both long and short days. * Significant difference in dietary fatty acid choice between cold-and warm-exposed hamsters (Bonferroni-corrected ). a p 0.00375
Preference for the unsaturated diet, expressed as the percent of the diet composed of the unsaturated diet, was significantly affected by ambient temperature (Fig. 1) . During the last 5 d of phase I, the unsaturated diet composed a similar proportion of the total diet in hamsters that would become the control group ( %) and hamsters that would become the 80.1% ‫ע‬ 6.9 experimental group ( %). In both treatment groups, 84.3% ‫ע‬ 7.3 hamsters significantly preferred the unsaturated diet over the saturated diet (one-sample t-test, in both groups). P ! 0.0001 Over the course of phase II, a difference in unsaturated diet preference developed between the experimental and control groups, first becoming evident on day 8 (Table 2 ). During the last 5 d of phase II, the experimental hamsters in the warm environment ate a significantly smaller proportion of the unsaturated diet ( %) than did the control hamsters 54.3% ‫ע‬ 4.6 ( %; two-sample t-test, ). When experi-77.2% ‫ע‬ 4.6 P p 0.002 mental hamsters were returned to the cold room in phase III, the difference in preference between the two treatment groups had already disappeared by day 5 (experimentals, 72.1% ‫ע‬ % unsaturated diet vs. controls % unsaturated 5.2 64.5% ‫ע‬ 5.1 diet; Table 2 ; Fig. 1 ). This difference in means continued to decrease throughout phase III ( Fig. 1; Table 2 ).
Daily consumption of saturated and unsaturated diets, when expressed simply as the mass of each diet consumed, showed a similar pattern in both long and short days (Fig. 2) . Daily consumption of the saturated diet during the last 5 d of each phase, which may be taken as the cumulative effect of exposure to the conditions of each phase, was indistinguishable between control and experimental treatment groups in all phases in both short and long days ( in all cases). Daily consumption P 1 0.05 of the unsaturated diet during the last 5 d of each phase was indistinguishable between control and experimental treatment groups in phases I and III when both treatment groups were exposed to the cold but significantly lower in experimentals than controls during phase II when only experimentals were exposed to the warm environment (short days, ; long P ! 0.0001 days, ). P p 0.002 The time course of changes in unsaturated diet preference in the two temperature-treatment groups showed similar patterns in short-and long-day hamsters, appearing within 7-11 d of exposure to different ambient temperatures in phase II and disappearing immediately when both treatment groups were again exposed to the same ambient temperatures in phase III (Table 2) .
Discussion
Djungarian hamsters change their preference for dietary unsaturated fats in a temperature-dependent fashion not only in short days (Hiebert et al. 2000) , when they would normally be expected to lower core body temperature during spontaneous daily torpor as a means of conserving energy, but also in long days, when core body temperature changes only minimally in response to changes in ambient temperature because the animals do not enter torpor (this study). The ability of hamsters to adjust to thermal challenges in this way seems to be a generalized response that neither requires seasonal preparation nor varies substantially in time course from season to season.
Although body temperature was not measured in this study, values should be similar to those observed in short-day hamsters that did not enter torpor when exposed to similar ambient temperatures (Hiebert et al. 2000) . Previous studies have focused on the relation between dietary fats and whole-animal thermal responses in mammalian hibernators, reptiles, and other ectotherms (e.g., Geiser et al. 1992; Geiser and Learmonth 1994; Kashiwagi et al. 1997; Simandle et al. 2001 ), all of which may experience changes in body temperature in excess of 25ЊC. This study supports the conclusion that smaller changes in ambient temperature (19ЊC), which are accompanied by much smaller changes in average core body temperature of approximately 0.3ЊC (Hiebert et al. 2000) , are sufficient to stimulate changes in dietary fat preference congruent with the known relation between temperature, fatty acid saturation, and storage lipid and/or membrane fluidity.
Many studies have focused on preferences for sensory features of fat such as texture and the odor and/or taste of impurities originating either in the natural source of the fats (sunflower or beef) or from oxidation during preparation (Ramirez 1992 (Ramirez , 1993 Drewnowski 1997) . In this study, the texture of the fat we added to the diet should be less salient than if it had been offered by itself because it constituted only 10% of the diet and during preparation was allowed to permeate the chow until the outside surface of the pellet appeared nearly dry. The difference in taste and odor of the two diets, identifiable even to us, undoubtedly arose in part from the impurities in sunflower oil and beef fat that we did not remove. However, changes in dietary fat preference over the course of this study cannot be attributed simply to an increasing preference for the taste of one of the diets over time because preferences were changed by increasing ambient temperature and later reversed when ambient temperature was returned to its original value.
A more plausible explanation for the basis of discrimination among dietary fats, consistent with the observation that the primary dietary adjustment in response to changes in ambient temperature was to the absolute quantity of unsaturated diet consumed, may lie in the recent discovery of gustatory mechanisms for detecting the essential polyunsaturated fatty acids in rats (reviewed in Gilbertson 1998) . Undoubtedly, the ability to detect essential fatty acids is important for general survival (Gilbertson 1998) . The study by Hiebert et al. (2000) and this study, together with a host of studies showing that the saturation level of dietary fats affect thermoregulation in ectotherms and heterotherms (see "Introduction"), now suggest a further role for essential fatty acid taste reception in promoting survival.
We note several caveats, however. First, evidence that rats prefer monounsaturated fatty acids but are indifferent to saturated fatty acids (Ramirez 1992) supports the idea that rodents may under certain conditions prefer unsaturated fatty acids but argues that taste reception for polyunsaturated fatty acids cannot completely explain this preference. Second, a lack of evidence for specific saturated fatty acid taste reception cannot be taken as proof that such reception does not exist.
Third, the relatively constant absolute contribution of the saturated diet (g) to total food consumption may be the result of regulation rather than the result of a lack of regulation or an inability to detect saturated fatty acids. In the kind of experiment reported here, we do not believe it is appropriate to conclude that when a preference for either diet is statistically indistinguishable from 50% the animals are necessarily eating at random (expressing no preference), as would typically be concluded in a two-bottle test for preference (e.g., Ramirez 1992) . An approximately equal consumption of both diets, as was achieved by the experimental hamsters when they were moved to 28ЊC (Fig. 1d) , is more plausibly interpreted as indicating that this diet provided the appropriate ratio of saturated and unsaturated fats at an ambient temperature of 28ЊC. It is interesting to note that this temperature-appropriate ratio was achieved by decreasing the absolute amount of unsaturated fatty acids consumed. Such a response may be favored because unsaturated fatty acids, while affording benefits for membrane homeoviscosity at low body temperatures, also carry the costs of increased peroxidation and propagation of free radical chain reactions relative to saturated fatty acids (Gunstone 1996; Frank et al. 1998) .
The ability to detect specific fatty acids does not by itself explain whether temperature-dependent fat preferences are innate or acquired, nor does it preclude detection of dietary fat composition by some postingestive mechanism (e.g., Honoré et al. 1994; Poirier et al. 1997; Lucas et al. 1998; Singer et al. 1999) . Further investigations, in progress in our laboratory, are designed to answer some of these questions.
